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Abstract
Marine planktonic organisms that undertake active vertical migrations over their life cycle are important contributors to
downward particle flux in the oceans. Acantharia, globally distributed heterotrophic protists that are unique in building
skeletons of celestite (strontium sulfate), can produce reproductive cysts covered by a heavy mineral shell that sink rapidly
from surface to deep waters. We combined phylogenetic and biogeochemical analyses to explore the ecological and
biogeochemical significance of this reproductive strategy. Phylogenetic analysis of the 18S and 28S rRNA genes of different
cyst morphotypes collected in different oceans indicated that cyst-forming Acantharia belong to three early diverging and
essentially non symbiotic clades from the orders Chaunacanthida and Holacanthida. Environmental high-throughput V9 tag
sequences and clone libraries of the 18S rRNA showed that the three clades are widely distributed in the Indian, Atlantic and
Pacific Oceans at different latitudes, but appear prominent in regions of higher primary productivity. Moreover, sequences
of cyst-forming Acantharia were distributed evenly in both the photic and mesopelagic zone, a vertical distribution that we
attribute to their life cycle where flagellated swarmers are released in deep waters from sinking cysts. Bathypelagic sediment
traps in the subantarctic and oligotrophic subtropical Atlantic Ocean showed that downward flux of Acantharia was only
large at high-latitudes and during a phytoplankton bloom. Their contribution to the total monthly particulate organic
matter flux can represent up to 3%. High organic carbon export in cold waters would be a putative nutritional source for
juveniles ascending in the water column. This study improves our understanding of the life cycle and biogeochemical
contribution of Acantharia, and brings new insights into a remarkable reproductive strategy in marine protists.
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Introduction
The dark ocean, the largest habitat in the biosphere [1], is of
major importance in global ocean biogeochemistry. Spanning the
mesopelagic (200–1000 m) and bathypelagic (1000–4000 m)
zones, the dark ocean is a key reservoir of organic carbon that is
produced in the photic layer and sinks downward in form of
particles. Large particles, such as fecal pellets and phytodetrital
aggregates, but also some unicellular planktonic organisms, such as
Radiolaria, are major contributors to the downward particle
organic carbon (POC) flux [2]. Among the Radiolaria, Acantharia
have been shown to contribute to mesopelagic and bathypelagic
POC flux via cyst formation [3,4], thus playing an important role
in the biological pump of carbon.
Acantharia are cosmopolitan and abundant protists, and are the
only organisms known to form entire mineral skeletons of celestite
(strontium sulfate, SrSO4). They also have the capacity to
completely change their morphology over the course of their life
cycle in order to form cysts. Unlike the cysts of other planktonic
single-celled organisms, such as dinoflagellates, diatoms or ciliates,
which are resting stages produced to overcome unfavorable
environmental conditions [5,6,7], acantharian cysts are directly
linked to reproduction [8,9,10,11]. Thousands of flagellated cells
(,2–3 mm [12]), called swarmers, are formed within each cyst and
released either through pores or upon rupture of the cyst wall.
However, some acantharian species do not form cysts and in this
case, swarmers are produced directly through the vegetative stage
(adult form) without encystment.
During cyst formation, the spicules of the skeleton and the main
cellular components (myonemes, axopods, ectoplasm etc.) are
resorbed. The cell loses its buoyancy and starts depositing a robust
seed-like celestite shell of 5–7 mm in thickness, generally bigger
than the vegetative cell, up to 1 mm [9,11]. Cysts exhibit a large
variety of shape and forms, presumably produced by distinct
acantharian families and species: oval, round, elongated, with or
without mineral plates and pores etc. Some of them have been
described in the past as new acantharian families and species [13]
or classified according to their form (e.g. forma Allas, Folium,
Bimamma, Ampulla, Olive etc [14]). However, since the
morphological characters used for species identification completely
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disappear during encystment, and cyst formation is very rarely
observed upon collecting adult stages, it is not clear which
taxonomic groups are able to encyst. DNA identification could
therefore be a useful tool to unambiguously assign certain types of
cyst to adult morphospecies within molecular-based clades, and
allow taxonomic distinction between cyst-forming and non-cyst-
forming Acantharia. A recent molecular phylogeny of Acantharia
described at least nine molecular clades (I, III, IV and A to F).
Clades A, B and D represent the taxonomic order Holacanthida,
and the most recently diverging clades, E and F, are composed of
the orders Symphiacanthida and Arthracanthida. The order
Chaunacanthida is only found in clade C. Clades I, III and IV
are only composed of environmental sequences, from which the
morphology and taxonomy are unknown [15].
Although Acantharia are mostly found in the surface ocean,
numerous environmental DNA sequences (18S rRNA gene) have
been found deeper in the mesopelagic and bathypelagic zones
[16,17,18,19,20]. The deep sequences probably originate at least
partly from sinking cysts and release of swarmers. Ballasted with
the mineral celestite, which is about twice as dense as the calcium
carbonate of which other protistan tests are built (SrSO4
density = 3.96 g cm23), acantharian cysts rapidly sink from the
surface to depth. The largest specimens can sink up to 500 m
day21 [4], and presumably release swarmers far below the surface.
Acantharian cysts have been collected in sediment traps and net
samples around the world, at high latitudes (Antarctic, East
Greenland Sea, Iceland Basin, [3,4,21]), and in tropical and
subtropical waters (the Mediterranean Sea, the Atlantic, Indian
and Pacific Oceans, [8,11,22]).
Acantharia contribute to the downward POC flux, which is one
important factor regulating atmospheric CO2 concentration [23].
Celestite is highly soluble in seawater and the cyst shell appears to
dissolve quickly once cysts start sinking [3,24]. Most previous
studies of acantharian fluxes, focusing mainly on low latitudes,
have hence concluded that cysts contribute significantly to shallow
POC fluxes, but not appreciably below the upper 200–300 m
[3,21,25]. However, a particularly large type of acantharian cyst
was recently found in sediment traps from 2000 m in the Iceland
Basin, contributing up to 48% of POC flux during a 2-week
sampling interval [4]. It was hypothesized that deep sedimentation
of cysts might be limited to high latitudes and exhibit a seasonal
pattern, where high primary productivity during seasonal phyto-
plankton blooms triggers encystment such that juvenile Acantharia
at depth can exploit the subsequent pulse of sinking phytodetritus
as a food source upon bloom collapse [4]. However, a more
thorough study of the contribution of Acantharia to deep particle
fluxes, and its latitudinal variability, has not yet been undertaken.
Moreover, the biogeography and vertical distribution of the
vegetative stage of cyst-forming Acantharia needs closer exami-
nation to understand how their ecology and life cycle influence the
downward POC and strontium fluxes.
Beyond implications for carbon biogeochemistry, Acantharia
affect the oceanic cycling of strontium and barium, which are
highly concentrated in cyst shells [3,26]. By precipitating celestite,
Acantharia create vertical and horizontal gradients in strontium
concentration [3,27,28]. Depletion of strontium in seawater due to
Acantharia is sometimes claimed to be problematic for the use of
strontium/calcium ratios in corals and planktonic foraminifera to
reconstruct past sea-surface temperatures [28]. While its role
remains enigmatic, strontium is also required for calcification in
many marine organisms [29,30]. This calls for more examination
of acantharian ecology and biogeochemical flux inherent to the life
cycle.
Here, we used molecular tools to genetically identify cyst-
forming Acantharia, and investigate their vertical distribution in
different oceanic regions worldwide through the V9 region of the
18S rRNA gene. Finally, we assessed the biogeochemical
contribution and seasonality of cyst sedimentation by measuring
strontium fluxes at four sites in the Atlantic Ocean.
Materials and Methods
Collection of cysts
Cysts were collected in distinct oceanic regions. Some cysts were
isolated from plankton net tows between 0 and 50 m in the
Mediterranean Sea (Villefranche-sur-mer; Table 1) in 2010 and
2011. They were individually photographed and placed in a
guanidine-containing extraction buffer (GITC). Additional cysts
were collected during 2006–2008 in the Iceland basin, either at
160 and 620 m in 3-day deployments of neutrally buoyant
PELAGRA sediment traps [31], or at 2000 m using year-long
deployments of bottom-tethered sediment traps [4]. A few adult
cells (vegetative stage) were also found in the PELAGRA traps. All
trap samples were fixed in formaldehyde preservative (see below).
Cysts and adults were individually picked from the three depths,
washed several times in PBS buffer to remove the formaldehyde,
isolated in GITC buffer and preserved at 220uC before
processing. All sampling locations are shown in Figure 1.
No specific permits were required for the field sites, as the
location is not privately-owned or protected in any way
(international oceanic waters), and the studied organisms did not
involve endangered or protected species.
DNA extraction, amplification and phylogenetic analyses
DNA extraction was carried out on each isolated cyst as
previously described [15]. Single-cell Polymerase Chain Reaction
(PCR) was used to amplify 18S and 28S (D1 and D2 regions)
ribosomal DNA markers with Radiolaria-specific primers (see 15
for primer details). Following amplification, the PCR products
were purified by EXOSAP-IT (GE Healthcare Bio-Sciences
Corp.), and bidirectionally sequenced using the ABI-PRISM Big
Dye Terminator Cycle Sequencing Kit (Applied Biosystems).
Accession numbers of the 18S and 28S rRNA sequences of cysts
are given in Table S1.
The matrices of 18S rRNA and partial 28S rRNA sequences
were individually aligned with Muscle, implemented in Seaview
[32]. As the topology of 18S and 28S rRNA genes are congruent
[15], the two aligned matrices were concatenated with Sequence
Matrix [33], forming a 2386 bp-long dataset containing 104 taxa.
The GTR+G+I model of nucleotide substitutions was selected by
MEGA 5 [34] according to the BIC and AIC criteria. The
phylogenetic inference by Maximum Likelihood (ML) was then
performed with PhyML v3.0 [35], and resampled 500 times by
non-parametric bootstrapping. Bayesian inference was conducted
on the concatenated dataset using Beast v.1.6.1 and companion
software [36] under the GTR model taking into account 4-class
gamma and invariant sites. Two Markov Chain Monte Carlo
(MCMC) chains were run for 30 million generations, sampling
every 1000 generations. The two runs were combined with
LogCombiner v1.6.1, and convergence of log-likelihoods and
parameter values were assessed in Tracer v1.4.1. 10% of the total
trees were discarded as burn-in, and the remaining trees were used
by TreeAnnotator 1.5.4 to build the consensus tree and to
calculate the posterior probabilities (PP) of each node.
Ecology and Biogeochemistry of Acantharian Cysts
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Biogeography and diversity of Acantharia in the photic
and mesopelagic zones
Clone libraries from previous environmental
surveys. All the 18S rRNA environmental sequences from
clone libraries (Sanger technology) related to Acantharia (n = 260)
were retrieved from GenBank version 190 in March 2012. Any
associated information for each sequence, such as location and
depth of sampling was recorded. We used pplacer to compare the
phylogenetic relationships between the environmental sequences
and cyst sequences [37] with the 18S rRNA gene reference
alignment. The advantage of using this program is that all the 18S
Figure 1. Sampling sites. Map of annual integrated chlorophyll concentration (high values are indicated in green and red) showing the sampling
locations of acantharian cysts from meso-and bathypelagic traps (red triangle), and surface plankton nets (pink diamond). Genetic sequences (V9
region of the 18Sr RNA gene) have been also obtained from the surface and mesopelagic (orange star). (Map obtained from OceanColor website:
http://oceancolor.gsfc.nasa.gov/).
doi:10.1371/journal.pone.0053598.g001
Table 1. Sampling sites and equipment used.
Oceanic region Sampling sites Latitude Longitude Date Sampling Depth (m)
Mediterranean Sea Villefranche-sur-mer 43u40.552 N 7u18.447 E Nov-10 Net samples 0–50 m
North Atlantic Ocean Iceland basin 60uN 20uW Nov 06–July 07 Trap samples 2000
North Atlantic Ocean Iceland basin 61uN 26uW May-08 Trap samples 160–620
North Atlantic Ocean NOG 23u46.119 N 41u5.419 W Nov 07–Nov 09 Trap samples 3000
South Atlantic Ocean SOG 18u31.48 S 25u6.0 W May 08–June 10 Trap samples 3000
South Atlantic Ocean St 7 55u15.320 S 41u219.273 W Mar 08–Dec 08 Trap samples 2000
South Atlantic Ocean St 8 52u48.288 S 40u6.522 W Feb 08–Dec 08 Trap samples 2000
Indian Ocean Station 65 35u45.299 S 26u19.199 E Jul-10 Niskin bottles 0 and 800
South Atlantic Ocean Station 68 31u58.416 S 5u21.612 E Sep-10 Niskin bottles 0 and 700
South Atlantic Ocean Station 70 18u4.229 S 4u54.82 W Sep-10 Niskin bottles 0 and 800
South Atlantic Ocean Station 72 8u13.415 S 17u5.202 W Oct-10 Niskin bottles 0 and 850
South Atlantic Ocean Station 76 20u0.78 S 35u43.296 W Oct-10 Niskin bottles 0 and 800
South Atlantic Ocean Station 78 30u47.629 S 43u41.878 W Nov-10 Niskin bottles 0 and 800
Antarctic Station 85 62u51.41 S 49u41.817 W Jan-11 Niskin bottles 0 and 800
South Pacific Ocean Station 98 25u6.431 S 111u20.25 W Apr-11 Niskin bottles 0 and 485
South Pacific Ocean Station 100 13u59.394 S 96u51.343 W Apr-11 Niskin bottles 0 and 177
South Pacific Ocean Station 102 5u44.135 S 85u46.669 W Apr-11 Niskin bottles 0 and 480
doi:10.1371/journal.pone.0053598.t001
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rRNA environmental sequences can be comprehensively analyzed
whatever their length and region. The 260 environmental
sequences (query sequences) were aligned with a Hidden Markov
Model built from the reference alignment using tools from the
HMMER v3.0 suite (http://hmmer.org/), with default parame-
ters. Using this alignment and the inferred reference tree, pplacer
determined the most probable location for each query sequence
and represented them as additional branches in the tree.
V9 tag sequences of the 18S rRNA and taxonomic
assignation
In the mesopelagic zone, seawater samples were collected with
Niskin bottles at different locations in the South Indian, Atlantic
and Pacific oceans during the TaraOceans expedition ([38], details
in Table 1 and Figure 1). Around 90 liters of seawater were filtered
onto consecutive 3-mm and 0.8-mm mesh polycarbonate mem-
branes (diameter: 142 mm). At the same locations, samples were
also collected in the photic zone (surface and Deep Chlorophyll
Maximum, DCM) by pumping water and towing plankton nets
(20-mm and 180-mm mesh size). Pumped water was filtered
through a 5-mm and 0.8-mm membrane (0.8–5-mm size fraction),
and net samples were filtered on a 20-mm membrane filter (20–
2000-mm size fraction). All filters were subsequently preserved in
liquid nitrogen.
DNA extraction was performed using the NucleospinH DNA II
kit. The V9 hypervariable region of the 18S rRNA gene was PCR
amplified with general-eukaryote primers (1389F/1510R from
[39]) with the PhusionH High-Fidelity DNA Polymerase (Finn-
zymes), purified using the NucleoSpinH Extract II kit (Macherey-
Nagel, Hoerdt, France), and sequenced from both sides using the
Illumina technology. The quality of the V9 tag sequences was
screened following different steps. Only sequences that have exact
forward and reverse primer match were considered. In addition,
based on the list of quality values at each position, sequences with
more than 1% of error in any 50 bp-section were discarded.
Chimeras were then checked on the filtered sequences using the
Usearch program [40].
The V9 reads were assigned based on a reference database of
V9 sequences of Acantharia [15] and eukaryotes [41]. Each
environmental sequence was compared to all reference sequences
using an exact global pairwise alignment algorithm [42], and
received the taxonomic assignation of its nearest-neighbor in the
reference database (or of the last common ancestor in case of a tie).
Pairwise alignments were computed with ggsearch, a tool from the
version 36 of the FASTA program package [43], using default
parameters, and results were stored in a sqlite database.
Alignments containing both reference sequences and the assigned
environmental V9 sequences were visually checked. Only reads
assigned with more than 85% of identity with a reference sequence
were considered in this study since below this value the V9 reads
exhibit numerous errors randomly distributed along the sequence,
including in well-conserved regions. V9 reads of Acantharia have
been submitted to the Sequence Read Archive (SRA) in the EBI
database under the study accession number ERP002023 (http://
www.ebi.ac.uk/ena/data/view/ERP002023).
Strontium measurements in sediment trap samples
In addition to the Iceland Basin sediment traps from which we
isolated Acantharia (described above), we measured dissolved Sr in
the preservative solution of bathypelagic time-series sediment traps
deployed at four locations in the subtropical and subantarctic
(Scotia Sea) Atlantic Ocean. Since celestite is highly soluble and
dissolves upon collection in sediment traps, the preservative
solution of trap samples containing Acantharia becomes highly
elevated in Sr [4]. Since no other organisms are known to
precipitate Sr as a major skeletal constituent, very high Sr
concentrations in sediment trap preservatives would unambigu-
ously identify a contribution by Acantharia to the particle flux.
Deployment locations, depths, and collection periods for all
traps, including the Iceland Basin ones, are listed in Table 1. Sr
fluxes collected by the Iceland Basin traps were measured
previously and are already published [4,31]. The subtropical
and Scotia Sea traps were McLane Parflux Mark78H traps with
21 collection bottles, and were deployed at 2000 m (Scotia Sea)
and 3000 m (subtropical). Collection bottles on the subtropical
traps were filled with formaldehyde brine prior to deployment (2%
formaldehyde with 0.5% w/v NaCl in seawater, buffered with
250 mg L21 sodium tetraborate), those on the Scotia Sea traps
with mercuric chloride-poisoned seawater. Upon recovery of the
traps, samples were stored at 4uC.
Aliquots of preservative solution from the collection bottles were
diluted to between 1:500 and 1:4000 by volume with 3% sub-
boiled HNO3, spiked with 5 ng g
21 of indium (In) and rhenium
(Re) as internal standards, and Sr and Ca concentrations measured
on a Thermo X series inductively coupled plasma mass
spectrometer. The instrument was calibrated with mixed Ca+Sr
standards containing 5 ng g21 In and Re.
Sr fluxes into collection bottles with elevated Sr concentration
were calculated after subtracting the background Sr concentration
(7.24–8.42 mg mL21, depending on trap) by multiplying by the
bottle volume (300 mL or 500 mL, depending on location) and
dividing by the trap collection area (0.66 m22) and by the
collection period (14–31 days). The background concentration of
Sr in seawater is around 8 mg mL21, and in the sediment trap
preservative samples was mostly between 7.1 and 8.4 mg mL21.
We hence calculated the background Sr concentration in the
samples as the mean concentration of all bottles containing less
than 9 mg mL21 Sr, and considered samples to be significantly
elevated in Sr if their concentration was higher than mean+2 times
standard deviation of the bottles with,9 mg mL21. While the cut-
off of 9 mg mL21 is somewhat arbitrary, this is in practice not
relevant, since even a modest Sr flux would elevate the
preservative concentration by several mg mL21 above the back-
ground.
Uncertainties for the Sr measurements were propagated by
assuming 1% analytical uncertainty in each Sr measurement [4]
and from the calculated standard deviation of the Sr concentration
in bottles with ,9 mg Sr mL21, i.e. the standard deviation of the
background concentration.
Results
Molecular identification of acantharian cysts
We obtained ten 18S and eleven 28S rRNA gene sequences
from three distinct morphotypes of acantharian cysts (pear-shaped,
elongated and round), and reconstructed their phylogenetic
relationships with other acantharian sequences (Figure 2; Table
S1). Photos of the cyst types and the most genetically related adult
specimens (vegetative stage) are shown in Figure 2. The walls of all
cysts showed numerous pore openings, but no small mineral plates
were observed. All cysts sampled in this study belonged to the early
diverging clades A, B and C, representing the taxonomic orders
Chaunacanthida and Holacanthida. No cyst sequences were
affiliated with clades E and F, which consist of taxa that
consistently harbor symbiotic microalgae. The pear-shaped cyst
(cyst 50), found at 620 meters depth, branched within clade A
(previously named clade II in [15]), and was closely related to the
genus Acanthoplegma sp. (Ei 59) in the order Holacanthida. All the
Ecology and Biogeochemistry of Acantharian Cysts
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elongated cysts (.10 specimens were sequenced), collected at
different depths up to 2000 meters, are genetically identical and
hold a phylogenetic position close to the specimen Ei 68 in
subclade B1 (information about cysts are detailed in Table S1).
The round cysts (cyst 25, 28, 45, 48) sampled at the same depths
grouped within clade C (subclade C3), which represents the order
Chaunacanthida. The numerous elongated and round cysts were
observed through the microscope from the three different trap
samples (160 m, 620 m and 2000 m). Each type of cyst exhibited
some morphological variations according to the depth despite the
same genetic identity: spicules were still visible at 160 m but
appeared partly resorbed at greater depths, and were totally absent
in cysts from 2000 m. Two other round cysts with large orifices at
one pole (Vil 162 and Pec 9) were found at the surface in the
Mediterranean Sea and belonged to subclade C4. The individual
Vil 162 was particularly closely related to the adult species
Gigartacon muelleri (Vil 105, 117, 41, 52, 53, and 61): the 18S rRNA
and 28S rRNA gene sequences were 100% and 99% identical,
respectively.
Several encystment events of the species Acanthochiasma sp.
(Holacanthida) were observed and isolated through the micro-
scope (Video S1). While crawling rapidly on the Petri dish, the cells
expelled all their spicules but one, and excreted cytoplasmic
remains and microalgal cells (presumably symbionts). Cyst
formation was not completed in most cases because the cells died
beforehand, but the final shape of the cyst that we could observe
was round. These cysts (Pec 14, Pec 18, Vil 20) had a similar
genetic identity and belonged to clade B2.
Vegetative cells were also found in trap samples at 160 m (adult
20) and 620 m (adult 43 and 52), and their sequences grouped
within clade C3 and F, respectively.
Biogeography and vertical distribution of cyst-forming
Acantharia
Clone libraries. We retrieved all the 18S rRNA gene
sequences from GenBank related to Acantharia that were found
in environmental clone libraries, and placed them with pplacer
onto a reference phylogeny of Acantharia using the pplacer
program (Figure S1). These environmental sequences were
sampled between the surface and 3000 m in the Mediterranean
Sea, and the Atlantic, Indian and Pacific Oceans, from different
size fractions (total to ,3 mm). We found 88 sequences between 0–
100 m representing a wide genetic diversity of Acantharia
(Figure 3A). Clades E and F accounted for about 50% of all 18S
rRNA sequences, while the cyst forming ones accounted for 10%,
6% and 16% for A, B and C, respectively. Between 100–1000 m,
which is essentially below the photic zone in most oceanic regions,
clades B and C clearly dominated (more than 75% of the 114
acantharian sequences found at this depth), whereas the symbiotic
clades E and F represented only 3% of sequences. Clade A
contributed 3% between 100 and 1000 m, and clade I accounted
for 10% in this zone. Clades I and III were named in a previous
study [15] and are only represented by 18S rRNA environmental
sequences (Figure S1). Between 1000 and 3000 m, the bathype-
lagic zone, clades B and C still represented a large proportion of
acantharian sequences (60% out of 57 sequences), and clades I and
A accounted for 21% and 9%, respectively. While no sequences of
clades E were found in bathypelagic waters, clade F was
represented by only one sequence in this zone. Thus, the cyst-
forming clades A, B and C seemed to be present throughout the
water column from the surface to 3000 m depth, and below the
photic zone their sequences outnumbered those of other clades.
Clade D was also present from the surface to the bathypelagic
zone.
Many environmental sequences from clone libraries were very
close genetically to the cyst sequences retrieved in this study. For
the round and elongated cysts from clade C and B1, more than 50
associated sequences were found between 200 and 1000 meters,
some from the anoxic Cariaco Basin, Venezuela [44]. The
environmental sequences that were related to the cysts of clade B2
were sampled in the hydrothermal vent sediment of the Guaymas
Basin [45], and in a low-oxygenated layer at 1000 m depth in the
Marmara Sea [20]. Remarkably, the large majority of environ-
mental sequences related to clades A, B and C, retrieved in
mesopelagic and bathypelagic waters were found in the picoeu-
karyote size fraction (,3 mm). Clone libraries associated with
Sanger sequencing generally represent the most abundant taxa in
the environment because of the low sequencing depth (,1000
clones). Generating much more reads, the new high-throughput
sequencing methods can allow us to have now a more
comprehensive view of the protistan community.
High-throughput environmental V9 tag
sequences. Environmental tags (V9 region of the 18S rRNA
gene) were obtained at 10 locations in the South Indian, Atlantic
and Pacific Oceans, in the photic and mesopelagic zones. The
sampling depth in the mesopelagic zone varied between stations
from 177 to 800 m (Table 1). In total, 236,666 and 755,538 V9
sequences assigned to different acantharian clades were retrieved
from the surface and mesopelagic zone, respectively (Table S2),
and found in both 0.8–5 mm and 20–2000 mm size fractions. As
observed in the clone libraries, the acantharian community in the
surface was generally greatly diversified with a higher number of
sequences from the symbiotic clades E and F at most stations
(Figure 3B). Yet, we can notice that at stations 65, 68, 72 and 76,
cyst-forming clades A, B and C accounted for 44% to 60% of
acantharian sequences. In the Southern Ocean (station 85),
sampled in December, the surface community differed greatly
from other stations with clades III and A representing 40% and
26%, respectively.
In the mesopelagic zone, the acantharian community was
relatively similar throughout the Indian, Atlantic and Pacific
Oceans, but systematically very different from that found at the
surface. In these deep waters, acantharian sequences contributed
between 4.4 and 11% in the Pacific and between 1.2 and 5.3% in
the Atlantic of total protist sequences. Clade I represented 55 to
96% of the acantharian sequences in the mesopelagic, whereas it
only accounted for #6% at the surface. In contrast, clades A, B
and C were equally present at the surface and in the mesopelagic
zone at most stations.
In order to gain a more accurate picture of the vertical
distribution at the cyst-level, we focused on the environmental V9
sequences that were closely related to the cysts collected in this
study (a threshold value of 97% was chosen). The end of the 18S
rRNA gene (including the V9 region) was not PCR-amplified for
the round (48, 45, 28 and 25) and pear-shaped cysts (cyst 50)
because of the low PCR success for formaldehyde-preserved cysts.
However, we obtained the V9 region for the cysts Vil 162, Pec 9,
Cyst 6 and Vil 20 from subclades C4, B1 and B2, respectively. The
vertical distribution of V9 sequences that shared more than 97%
identity with the cyst sequences is shown in Table S3. While no V9
sequences related to Vil 162 were found, V9 sequences assigned to
elongated cysts (cyst 6) were more numerous in the mesopelagic
zone than in the photic zone where they were even absent in some
cases (e.g. station 68). V9 sequences of Pec 9 and Vil 20 were
either more abundant in the mesopelagic zone or in the photic
layer depending on the station.
Ecology and Biogeochemistry of Acantharian Cysts
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Figure 2. Phylogenetic placement of the cyst-forming Acantharia. Molecular phylogeny obtained with Maximum Likelihood analysis based
on a concatenated matrix of 18S and 28S rRNA sequences of Acantharia (104 taxa and 2386 bp-long, GTR+I+G model), including cysts (bold red font)
and vegetative (bold blue font) specimens collected in plankton nets and sediment traps at different depths. Each picture of a cyst (column 1) is
Ecology and Biogeochemistry of Acantharian Cysts
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Strontium and carbon fluxes of Acantharia across the
Atlantic Ocean
We assessed the temporal pattern of acantharian vertical flux at
different latitudes in the Atlantic Ocean with sediment traps in the
Scotia Sea (2000 m) and the subtropical North and South Atlantic
(NOG and SOG, 3000 m), deployed for one or two years. Sr
fluxes were highly episodic, with no more than a third of all
samples on a trap containing elevated Sr and never in more than
two consecutive samples (Figures 4 and S2). Fluxes were very low
in the subtropical traps, with only two samples in two separate
years at each site containing significant fluxes: these were very low
at the southern subtropical location (0.03 and 0.04 mg Sr
m22 d21), and higher at the northern subtropical site (0.13 and
0.23 mg Sr m22 d21). Interestingly, these fluxes were all caught in
boreal autumn: in November 2007 and September 2008 at the
northern site, and in November 2008 and 2009 at the southern
site, implying that there might be a seasonal cycle to acantharian
sedimentation at both locations.
Fluxes in the Scotia Sea were similarly low at the southern site,
with 0.02 and 0.04 mg Sr m22 d21 in March and November
2008. At the northern site, however, Sr fluxes of 0.03–0.64 mg Sr
m22 d21 were caught in February, March, October, and
November 2008.
We did not directly measure the acantharian POC fluxes.
However, the C:Sr ratio reported by Martin et al. [4] from the
Iceland Basin at 2000 m (0.12060.022 mg mg21) would imply a
contribution by Acantharia, during those collection periods in
which Sr concentrations were elevated in the traps, of 0.004–
0.003 mg C m22 d21 and 0.015–0.027 mg C m22 d21 at the
southern and northern subtropical sites, respectively, and 0.005–
0.008 mg C m22 d21 and 0.007–0.136 mg C m22 d21 at the
southern and northern Scotia Sea site, respectively. Fluxes of total
shown together with the vegetative stage (column 2) that shares the highest genetic similarity. PhyML bootstrap percentages based on 500 pseudo-
replicates and Bayesian posterior probabilities (PP) are indicated at each node (above and below, respectively) when support values were higher than
60% and 0.8, respectively. Species name of each taxon and accession numbers are provided in Table S1.
doi:10.1371/journal.pone.0053598.g002
Figure 3. Vertical distribution of Acantharia based on 18S rRNA environmental sequences. A) clone libraries obtained from previous
studies in different oceanic regions; B) V9 tag sequences from the present study sampled in the Indian (station 65), Antarctic (station 85), Pacific
(stations 98 to 102) and Atlantic Oceans (stations 68 to 78) from different size fractions (0.8–5 mm and 20–2000 mm). In the pie-charts, cyst-forming
clades A, B and C are highlighted with a white circle, and clades representing ,1% of the total acantharian sequences are not shown. For the
mesopelagic zone, the sampling depth and the contribution of acantharian sequences to total protistan sequences are indicated below the pie-
charts.
doi:10.1371/journal.pone.0053598.g003
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POC have not yet been measured from the subtropical traps, but
are known for the Scotia Sea traps for each month (G. Tarling
unpubl.). We hence estimate a contribution by Acantharia of 0.6–
3.1% to the total monthly POC flux during the significant episodes
of Sr flux at station 7 (March and November 2008) and at station 8
(February, March, October and November 2008) (Figures 4 and
S2).
Discussion
Morphology of cysts and their vegetative stages
Encystment in Acantharia entails a remarkable morphological
transformation whereby the diagnostic morphological features of
the vegetative stage disappear. In this study, DNA identification
allowed us to link cyst morphologies to vegetative cells of known
taxonomy, and to highlight the cyst-forming acantharian clades.
Cyst formation appears to be an old life-history trait in Acantharia
since all cysts we sampled belonged to the early diverging clades A,
B and C, representing the taxonomic orders Holacanthida and
Chaunacanthida. Acantharia from these clades are characterized
by identical long spicules that lack lateral extensions (apophyses)
and are arranged by a loose central junction [15]. Some
morphotypes of clade C (Chaunacanthida) can fold their spicules
forming umbrella-like morphology (litholoph form), and the ones
of clade B (Holacanthida) can totally shed their spicules. The cyst-
forming Acantharia have thus a flexible mineral skeleton during
their vegetative stage, and dissociation of the central junction
seems to be a required stage for encystment. In contrast, non-cyst-
forming individuals from other clades (IV, D, E and F), mainly the
orders Symphiacanthida and Arthracanthida, have a fixed and
unfolded skeleton because of a very tight central junction and
robust spicules with apophyses. It has been observed that some
Symphiacanthida (e.g. Amphibelone sp.) are also able to form cysts,
whereby the cyst shell is deposited upon the skeleton of the
vegetative cell [9,14], but no molecular identification has
confirmed the phylogenetic affiliation of these particular cysts.
Figure 4. Geographic variation of the strontium flux. Strontium fluxes were measured in different sediment traps deployed across the Atlantic
Ocean, in the Scotia Sea at 2000 m (St 7 and St 8; in 2008), and in the Northern and Southern subtropical gyres at 3000 m (2007–2010). Significant
strontium fluxes are represented by a bar, from which the width is proportional to the collection period (around 14–31 days). Strontium
concentrations for each sediment trap sample are shown in Figure S2.
doi:10.1371/journal.pone.0053598.g004
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More cyst morphotypes have to be isolated and genetically
identified to see whether other clades like I and III are also able to
encyst and whether different encystment processes exist.
Diversity of Acantharia in the mesopelagic and
bathypelagic zones
Planktonic protists hold key roles in the trophic chain and
metabolism of the mesopelagic and bathypelagic zones but,
essentially due to sampling difficulties, little is known about their
diversity in these deep waters [1]. Cloning and sequencing
analyses suggest that the diversity of protists, as it is the case for
bacteria [46], appears to decline in deep layers, where Radiolaria
(including Acantharia), Alveolata and Euglenozoa have been
reported to be the most abundant eukaryotic taxa [16,18,47]. Our
study confirms that Acantharia, and more specifically clades I, A,
B and C, can represent an important component of deep-sea
protists worldwide, up to 11% of the environmental tag sequences.
Yet, assuming that the number of rDNA copies scales with the
number of nuclei, we cannot rule out that the multiple nuclei
found in Acantharia might amplify their relative contribution in
the microbial community [48]. But this bias is mitigated if one
focuses specifically on the Acantharia, since all the species are
polynucleated (except Haliomatidium sp., [49]).
Acantharia from clade I, the morphology of which is totally
unknown, are predominantly found in the dark ocean (down to
3000 m) and constitute up to 75% of the acantharian community
in the mesopelagic zone. This clade appeared to be specific,
possibly endemic, to deep waters but we cannot say whether it can
undertake encystment for reproduction. For clades A, B and C, the
DNA identification of cysts leads us to suggest that their presence
in deep waters is probably linked to their encystment capacity.
Ecology and life cycle of cyst-forming Acantharia
The vertical distribution of the cyst-forming Acantharia
revealed in this study can improve our understanding of the life
cycle. The wide vertical distribution of clades A, B and C from the
surface to the mesopelagic zone, detected by environmental clone
libraries and V9 tag sequences (Figure 3), suggests that the
vegetative stages occur in the upper layers and reproduction takes
place in the dark ocean following encystment. Many sequences
related to these clades were found in deep waters in the
picoeukaryote size fraction (0.8–5 mm), much smaller than the
size range of cysts (200–1000 mm). They rather correspond to the
size range of acantharian swarmers (2–3 mm, [12]). Alternatively,
one cannot rule out that a fraction of these DNA sequences would
come from Acantharia-derived extracellular DNA or detritus
produced by the different pumping steps during collection that end
up in the smallest size fraction [16,50]. While the ploidy of the
swarmers is unknown, it is thought that they fuse and form
juveniles, which then ascend into the upper layers [8]. Deep-sea
bacterial and protistan communities are markedly different from
the ones dwelling in the photic layer [17,19] but this study shows
that the life cycle of particular microorganisms can lead to their
occurrence throughout the water column. DNA identification of
two stages of life cycle, the vegetative and cyst stage here, can help
interpreting the numerous forthcoming molecular surveys inves-
tigating the eukaryotic community in the photic and dark ocean
[16,19,20,51,52], but also in sediment trap samples [53].
Ultimately, this highlights the significance of the life traits and
ecology of the organisms for a better assessment of ocean
biogeochemistry.
Remarkably, our phylogenetic analysis indicates that most cyst-
forming Acantharia do not harbor symbiotic microalgae. The
species Acanthochiasma sp. of clade B2 is an exception, since
microalgae have been observed in symbiosis [54]. Symbiotic
microalgae have otherwise only been found in the more recently
diverging clades E and F (Arthracanthida and Symphiacanthida),
in which sexual reproduction takes place directly from the
vegetative stage without encystment [8]. This obligate and
horizontally transmitted symbiosis would constrain the hosts to
remain and complete their life cycle in the photic zone for rapid
acquisition and maintenance of their photosynthetic symbionts.
This is consistent with the very few sequences from clades E and F
being found in the mesopelagic and below in most oceanic regions
(Figure 3). In contrast, non-symbiotic Acantharia could theoret-
ically occupy any depth in the water column provided that food
availability was sufficient. Besides, in contrast to the orders
Arthracanthida and Symphiacanthida, the Holacanthida and
Chaunacanthida have a less developed buoyancy apparatus with
few myonemes (non-actin filaments) per spicules [8,55], suggesting
that fine buoyancy control might be less critical for cyst-forming
Acantharia. Of course, at this status of knowledge, we cannot rule
out the possibility that acantharian species within a single clade
have different niches in the water column.
Distinct shallow and deep modes of reproduction have been also
reported in planktonic Foraminifera, a sister group of the
Radiolaria [56,57]. Likewise, foraminiferan species that have part
of their life cycle below the photic layer, are not associated with
symbiotic microalgae, indicating that photosymbiosis strongly
influences the life cycle and consequently the vertical distribution
of hosts. A hypothetical scenario for the life cycle of cyst-forming
and symbiotic Acantharia is proposed in Figure 5. Our study
suggests that cyst-forming Acantharia do not contribute to primary
production in the photic layer, a biogeochemical role specifically
attributed to symbiotic forms [58], but do participate in the
vertical particle flux in the oceans.
Geographic variation of the acantharian contribution to
downward particle flux
Mineralized planktonic organisms, such as Foraminifera,
coccolithophorids, diatoms and Radiolaria, are important con-
tributors to downward particle flux in the ocean and thus play key
roles in global element cycles [2,59,60]. Encystment in Acantharia
is another example where changes in the life cycle of upper ocean
organisms have a direct effect on downward particle flux.
Acantharian fluxes in the bathypelagic were very low in the
subtropical Atlantic, but higher in the Scotia Sea. Together with
the data presented previously [4,31], our results support the
conclusion that Acantharia only sink past the upper mesopelagic in
appreciable numbers at high latitude. Our estimates of acanthar-
ian POC fluxes at the northern Scotia Sea site are some of the
highest reported from the bathypelagic, even though the
percentage contribution to total POC flux was minor. In the
Iceland Basin, acantharian cyst flux could contribute up to 48%
and 59% of total bathypelagic POC and particulate nitrogen flux
during the two weeks before spring bloom phytodetritus was
caught in the sediment traps [4]. In the East Greenland Sea,
acantharian cysts comprised up to 90% of the POC sinking at
100 m during a short-term sampling period [21]. Thus,
Acantharia can contribute to long-term carbon sequestration in
the deep-sea. In subtropical regions, mainly oligotrophic, the
vertical flux of acantharian cyst is lower and explains why modest
values were detected at 3000 m depth in this study. In the
Mediterranean Sea and Indian Ocean, cysts were generally
reported only between 50 and 250 m [9,11].
Since cysts are more heavily mineralized and thus less
susceptible to dissolution than vegetative cells, we suspect that
cysts would have contributed the majority of the fluxes in our
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traps. Nevertheless, a part of the strontium measured in sediment
traps can still originate from skeletons of deep-dwelling species.
Swarmers of colonial Radiolaria (Collodaria) are also known to
contain small crystals of celestite [61]. However, Collodaria
typically dwell in the upper layer of the photic zone [62] and
accomplish their reproduction without encystment. Since swarm-
ers are in the low micrometer size-range, they would have very low
sinking speeds regardless of ballast mineral content. Hence it is
unlikely that they would contribute substantially to mesopelagic
and bathypelagic strontium flux compared to acantharian cysts.
We do not believe that artefacts may have significantly biased
our regional sediment trap comparison. We can rule out a
significant contribution of Sr by CaCO3 dissolution, as Ca was
never elevated by more than 300 mg mL21 above samples that
contained only background Sr concentrations. Since CaCO3
typically contains no more than ,1 mg Sr g21, CaCO3 is unlikely
to have contributed more than 0.3 mg Sr mL21. While the Sr
fluxes we report from the northern Scotia Sea are still lower than
those reported from the Iceland Basin [4], they are nevertheless
comparable to fluxes reported elsewhere above 500 m [3,26,63].
The difference in vertical flux of Acantharia between low and
high latitudes is potentially due to larger cysts with higher sinking
rates being found in high latitudes. Cysts of clade B1 collected in
the Iceland Basin were up to 1 mm long and had sank of
4906150 m d21 [4], while cysts reported by Bernstein et al. [3] in
the North Pacific Ocean were only a few hundred mm in diameter.
Figure 5. Hypothetical scenario of the life cycle in symbiotic and cyst-forming Acantharia with shallow and deep reproduction,
respectively.
doi:10.1371/journal.pone.0053598.g005
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Yet, cysts morphologically similar to the Iceland Basin cysts (clade
B1) have been observed not only in the Southern [64] but also in
the Indian Ocean [11] and the South China Sea [14], indicating
that large cysts may not necessarily be restricted to cold waters in
high-latitudes. Moreover, Antia et al. [21] reported small cysts
with low sinking rates from the Greenland Sea, one of the highest
latitude sites sampled for Acantharia.
A different possibility is that cyst-forming Acantharia in general
might be more abundant at higher latitudes. We found that cyst-
forming clades are widely distributed in surface waters of the
Indian, Atlantic and Pacific Oceans but tend to be more
prominent at the surface of nutrient-rich coastal areas (Figure 3):
clades B and C in stations 65, 68 off South Africa, and clade A in
Southern Ocean (station 85). It is interesting to note that station 85
was sampled in austral summer (December), a period matching
with a significant strontium flux in the Scotia Sea (Figures 4 and
S2). In addition, Popofsky [10] observed that the species
Acanthochiasma sp. (a species found in clade B) becomes abundant
during the summer in the Antarctic. In contrast, clades E and F
that do not encyst are predominant in the oligotrophic open
ocean. Higher latitudes might thus be home to larger numbers of
cyst-forming species at a given time than subtropical regions,
giving rise to higher downward fluxes of acantharian cysts.
However, it is difficult to compare accurately the acantharian
communities found in different oceanic regions because we could
not address temporal variation at each sampling location.
Seasonal variation of acantharian cyst sedimentation
Long-term sediment trap deployments across a latitudinal
gradient allowed us to follow the seasonal dynamics of the
acantharian sinking flux. Strontium fluxes in both subtropical and
Scotia Sea traps showed a marked seasonal pattern, as observed in
the Southern Ocean and Iceland Basin, where cysts were only
caught in summer (Scotia Sea) and spring (Iceland Basin),
respectively [4,64]. For traps deployed in the Scotia Sea, the
months December and January were not sampled, though it is
possible that strontium flux was significant at this time, given the
temporal pattern (Figures 4 and S2). Cyst formation and
sedimentation are hence presumably driven by environmental
cues. The strong difference in Sr flux between the two Scotia Sea
sites suggests that acantharian fluxes are indeed linked to
phytoplankton blooms, as hypothesized by Martin et al. [4]: the
northern Scotia Sea site experienced intense phytoplankton
blooms starting in October/November, and the northern sediment
trap showed peaks in particulate carbon flux in October and
November 2008, rising from around 50 mg C m22 d21 in
September to .400 mg C m22 d21 in October and November
[65]. The southern trap shows no such sharp peak, and instead
had the highest carbon fluxes in March and May. Thus, formation
and deep sinking of cysts leading to reproduction of these
acantharian clades does appear to be linked to primary
productivity. This mirrors the periodicity of encystment in marine
ciliates in summer [66], and that in a freshwater ciliate in May and
September [67], which are both related to chlorophyll-a concen-
tration. We therefore suggest that cyst-forming Acantharian show
a clear seasonality in high-latitude waters that tracks phytoplank-
ton stocks, and then complete their life cycle by sinking deep into
the interior of the ocean.
Hypotheses on the ecological role of encystment in
Acantharia
Encystment in Acantharia is not a reversible resting stage like in
many planktonic protists, but rather a key step for reproduction.
Cyst formation is clearly an active process, and evidently an
efficient mechanism for rapid sinking. While we do not know
anything specific about the bioenergetics of celestite precipitation,
it is possible that the extensive biomineralisation and remodelling
of the cyst shell is not a trivial energy expense. To our knowledge,
such a reproductive strategy has not been reported for other
marine protists. The robust seed-like shells not only act as ballast
but might also protect cysts from grazing during descent. Although
it is difficult to assert the true ecological role of this life-history
trait, sinking in the water column for reproduction must have an
adaptive value for heterotrophic protists. In stratified waters, rapid
sinking might allow individuals to quickly reach depths at which
predation risk is reduced. In phytoplankton, vertical migration is a
common strategy to increase nutrient uptake when surface waters
are nutrient-depleted (e.g. the diatom Rhizosolenia sp., [68,69]).
However, for heterotrophs like cyst-forming Acantharia, sinking
into the dark ocean where food concentrations are lower than in
surface waters may entail trade-offs. While we know little about
their diet, Acantharia are known to ingest a wide range of prey,
such as bacteria, microalgae and even zooplankton [70]. It is
interesting to note in this context that Schewiakoff ([8] p. 686)
reported that 73% of Acantharia in which he could see food
vacuoles were caught below 100 m depth. We hence suggest that
cyst-forming Acantharia at high latitudes and during phytoplank-
ton blooms, when downward particle flux shows sudden spikes,
sink particularly deep because juveniles could still exploit the fresh
phytodetritus that sinks right to the seafloor at this time.
Conversely, in low-latitude settings in which production and
downward particle flux are far lower and more constant, sinking
very deep may be less advantageous as far less fresh particulate
matter sinks to great depths here. The regional and temporal flux
data we have presented here are consistent with this view.
Supporting Information
Figure S1 Diversity of acantharian sequences found in
deep waters. Pplacer tree showing the phylogenetic placement
of 260 environmental partial 18S rRNA sequences sampled in
previous studies into reference clades of Acantharia (I, III, IV, A–
F). GenBank accession numbers of these environmental sequences
are indicated in the taxon name. The depth at which the
acantharian sequences were collected is indicated with the blue
bars (the length of the bar scales with the sampling depth of the
environmental sequence).
(TIF)
Figure S2 Temporal pattern of strontium flux across
the Atlantic Ocean. Concentration of dissolved strontium
measured in each sample cup of the four bathypelagic sediment
traps, which were deployed at 2000 m in the Scotia Sea (St 7 and
St 8; 2008) and at 3000 m in the Northern and Southern
subtropical gyres (2007–2010). The horizontal dashed line
represents the background strontium concentration above which
the Sr flux from Acantharia was deemed significant.
(TIF)
Table S1 Information about the cysts collected in this study and
the acantharian species used for the molecular phylogeny. Species
and order names, and GenBank accession numbers of the 18S and
28S rRNA gene are given. Code names in bold indicate that the
sample have been collected in a sediment trap.
(PDF)
Table S2 Number of V9 tag sequences of the 18S rRNA,
assigned to Acantharia and protists, at different stations in big (20–
2000 mm) and small (0.8–5 mm) size fraction.
(PDF)
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Table S3 Comparison of the number of V9 tag sequences
assigned to different cysts (.97%) isolated in this study between
the photic and the mesopelagic zones.
(PDF)
Video S1 Cyst formation observed through the micro-
scope of an acantharian cell from clade B2.
(WMV)
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